Abstract-The present paper develops a novel strategy for the exploration of an unknown environment with a multirobot system. It is required that the entire free space is covered by the sensors of the robots, with a certainty of 100%. Communication between the robots is restricted to line-of-sight and to a maximum interdistance between robots. Contrary to most exploration problems, the topographical properties of the space need not be mapped. An algorithm is presented that guides a group of N robots, scanning the free space for target objects. The group splits to pass obstacles of unknown size and shape. The decision of splitting the group takes a trade-off between group coherence and speed of advancing into account. A direct application of the algorithm is mine field clearance.
I. INTRODUCTION
The research domain of multi-agent robot systems can be divided into subdomains according to the task given to the robot group [1] . At present well-studied subdomains are motion-planning (also called path-planning), formationforming, region-sweeping, and combinations of the foregoing. The problem considered in the present paper belongs to the discipline comprising region-sweeping. In this discipline two different robot tasks are usually considered.
In the first task a group of robots receives the order to explore/map an unknown region. The goal is to obtain a detailed topography of the desired area. A typical approach to tackle the above problem with multiple robots assumes unlimited communication [2] : since exploration algorithms are already devised for a single robot it seems straightforward to divide the area to be explored into separate regions, each of which is assigned to a single robot. The robots communicate to each other the area they have explored so that no part of the free space will be explored twice unnecessarily. At no point during the task are the robots trying to form a fixed formation. Each robot explores a different part of the unknown region and sends its findings to a central device which combines the data received from the robots into one global map of the area.
Closely related to the exploring/mapping task is the second task, called complete coverage, where the robots have to move over the entire free surface in configuration space. Typical applications are mine field clearance, lawn mowing and snow cleaning. In this setting the robot group typically forms (partial) formations to solve the task. Reference [3] gives a short overview of existing techniques for multi-robot coverage problems. Different approaches to the coverage problem are found in [4] , [5] , [6] , [7] [8] and [9] .
The problem statement of the present paper does not differ that much from the common exploration/mapping task and the complete coverage problem, but is rather a combination of both. It is required that all free space is sensed by the robots, but not necessarily physically covered. However, unlike the common exploration case, the sensing of the area does not have as goal to map the topography of the free space and the location of the obstacles in it. Our aim is to locate several unknown targets within the free space. Moreover, similar to the complete coverage setting we demand a 100% certainty that all free space has been covered by the sensors at the end of the exploration procedure, implying that all targets have been found. Since the robots no longer have to cover all free space physically, the novel algorithm will yield a time gain compared to complete coverage strategies. The developed algorithm is inspired by complete coverage strategies as [8] and [9] . In these strategies it is assumed that the space to be explored does not have a maze-like structure with many narrow corridors, but is an open space containing only convex obstacles sparsely spread throughout. In the present paper we adopt these assumptions, postponing more complex geometries to future work.
A specific application we have in mind is mine field clearance using chemical vapor microsensors [10] . Once a landmine is deployed, the environment near the mine becomes contaminated with explosives derived from the charge contained in the mine. The vapor microsensors are able to detect the chemical vapor signature of the explosives emanating from the landmines from a distance. This implies that complete coverage algorithms may be too restrictive with respect to the demining problem. The algorithm of the present paper, with the weaker requirement of sensor coverage, yields a time efficient solution.
The algorithm can also be used in problems where a robot formation has to cross a terrain containing sparsely spread obstacles. There is a natural trade-off between coherence of the formation and avoidance of the obstacles. The robot group is allowed to split in order to pass the obstacles, resulting in faster progress of the group across the terrain. The algorithm ensures that once the obstacle is passed, the robots regroup. 
II. AN ALGORITHM FOR COMPLETE SENSOR COVERAGE

A. Setting
Consider a population of N identical robots, with N even. Each robot is equipped with two types of sensors. One type serves as a means to detect the goal targets to be found in the assigned area, e.g. landmines; the other type is used to detect and locate other robots and obstacles in the neighborhood of the robot. In practice the latter type consists of two distinct minimally interfering IR-sensors: one sensing obstacles and the other sensing robots. Since this is not relevant for the theoretical description of the algorithm, these sensors are considered one and the same. Both sensors have a maximum detection range s t and s r respectively. It is assumed that targets which come within the radius of the corresponding sensor area s t or s r of the robot are always detected, and that if they are located farther away than the distance s t , s r they are never detected. The robot configuration allows limited communication. First, this is expressed by the maximum detection range s r as described above. Second, line-of-sight communication is assumed: two robots can only sense each other if they are sufficiently close to each other and if there is no obstacle located on the straight line connecting both robots.
Two robots are called connected to each other when they sense each other. Every robot is assigned an index number. We impose a preferred formation on the robot group as follows: robot i is connected to robots i − 1 and i + 1, ∀i ∈ {2, . . . , N − 1}. (Robot 1 is only connected to robot 2 and robot N is only connected to robot N −1.) Furthermore, each robot keeps a constant distance d < s r with its neighbors and observes them at preferred angles with respect to its forward direction. With notation from Figure 1 these angles are defined as follows. For robots with indices i < N 2 , the angles are α i = π/6, i even, 5π/6, i odd,
To obtain the angles of the remaining robots, with indices i ≥ It is assumed that s r 2 < s t < s r .
The lower bound on s t in (2) ensures that the areas sensed for goal targets of neighboring robots partially overlap, as illustrated by Figure 2 . Each robot is equipped with a compass. Together with the above defined angles, the forward direction of each robot (the same for all robots) is imposed at the initialization of the algorithm. The above conditions imply a robot formation with zigzag shape, as shown in Figure 2 for N = 6. The dashed circles have radius s t and 
B. The basic scanning algorithm
Assume for simplicity that the area to be explored is a rectangular subset S of R 2 . All obstacles contained in S are assumed convex. Divide the set S into parallel (scanning) strips of width N 2 d. The choice of this value will be motivated later, in Section II-C. Furthermore, assume that N and d are such that all obstacles in S have a diameter smaller than the width of a scanning strip. The main idea of the algorithm is to let the group of robots sweep the area S strip after strip in a zigzag-like pattern (see Figure 3) . When the robot group reaches the end of a scanning strip, it needs to be transported to the next strip. This is done in a few easy steps. First the right leader changes its behavior into that of a robot in the interior of the formation, i.e. it tries to attain the desired formation. The left leader moves N 2 d units to the left perpendicular to the strip boundary. The rightmost robot resumes its leader role and all robots reverse their forward direction with respect to the desired direction in the previous strip. At this moment the robots are not yet positioned in the desired formation of Section II-A: the indices of the robots are reversed. Each robot i assumes a new index number f (i), with f : N → N ; i → (N +1)−i, and is ordered to reassume its desired position in the robot group without the leader robots advancing. The preferred formation is attained, and the robots are ready to start the algorithm in the next strip. Clearly, when there is a sufficient number of robots available the set S can be regarded as one big strip, simplifying the MoA08.3 algorithm since no transitions between consequent strips have to be performed.
In a first case we consider a strip where no objects are located on the boundary (see Figure 4) . Robots 1 and N are allocated the task to follow the boundaries of the strip at a constant distance at the constant velocity v. They can be considered leaders of the robot group. These two leader robots do not try to stay in the preferred formation, i.e. the condition on the corresponding angles α N , β 1 is removed, and they do not maintain a fixed interdistance d with their neighbors. The remaining robots, however, still maintain the preferred formation. When no obstacles are present in the strip, the robots scan the strip for goal targets in the above defined preferred (rigid) formation moving at a velocity v. When an obstacle is encountered the algorithm guides the robot group past it, taking care of both group coherence and time-performance. The group is split into two subgroups in order to move around the obstacle. The subgroups rejoin after passing the obstacle to resume the preferred formation structure. Consider the situation where robot m encounters an object on its path so that it cannot stay in the preferred formation any longer. This happens when the sensors of robot m measure
• an interdistance between the obstacle and the robot smaller than a preset distance d o < s r ,
• the position of the obstacle at an angle with its forward direction inside the interval (−γ, γ), with γ a fixed value inside the interval (0, π 4 ). The presence of the obstacle is communicated to all the robots in the group. Each robot takes on a new role resulting in the creation of two separate subgroups. The robots with index i ∈ S 1 := {2, . . . , N/2} follow the neighboring robot with corresponding index i − 1. Similarly, robots with index i ∈ S 2 := {N/2 + 1, . . . , N − 1} follow the neighboring robot with index i + 1. More precisely, the robot with index i tries to reach the following coordinates:
These coordinates are considered with respect to a righthanded (x, y)-frame with the y-axis parallel to the strip boundary, and directed into the direction of motion of the leader robots. This frame is used throughout the paper. Each robot still tries to stay in the preferred formation, but in order to do so only takes information of one neighbor into account. Moreover, the condition on the relative position between the neighboring middle robots N/2 and N/2 + 1 is suspended, which will lead to the splitting of the robot group. Notice that indifferent of the robot that observes the obstacle first, the group will split between robots N/2 and N/2 + 1. This choice is motivated in Section II-C. At every time step each interior robot observes the position of its leader neighbor in order to calculate its desired coordinates (3). At some time instants however, this neighbor may have moved around a corner of the obstacle, rendering it unobservable to the follower robot. When this happens the follower robot is ordered to move forward until it reaches the obstacle, and once the obstacle is reached it receives the task of following the edge of the obstacle, keeping it on its right if i ∈ S 1 , or its left if i ∈ S 2 . This behavior is called wallfollowing. This way, the robot moves independently from the other robots around the obstacle until its leading neighbor reappears from behind a corner of the obstacle and the line of sight is reestablished.
When the leader neighbor is observable, the follower robot is able to compute its desired coordinates. three distinct scenarios are possible:
1) The robot is able to reach the desired position.
2) The desired position cannot be reached because it is too far away from the present position of the robot.
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Fig . 5 : A group of 10 robots passing an obstacle. Only robots 4, 5, 6 and 7 apply wall-following around the obstacle during the maneuver. This is shown in the second and third picture. The first picture shows the formation at the moment of encountering the obstacle. The fourth picture presents the formation after having completely past the obstacle.
3) The obstacle is blocking the straight path between the present position of robot i and its desired position. If scenario (2) occurs, the robot simply moves towards the desired position at the maximum allowed velocity, trying to catch up. In case of scenario (3), the robot receives the order to start wall-following the obstacle. The robot moves around the obstacle until either scenario (1) or (2) occurs. After that, it assumes its desired position again. If all robots have past the obstacle, each robot is again able to assume its desired position in the preferred formation.
The middle robots N/2 and N/2 + 1 receive a particular role inside the robot group, compared to the other interior robots. First, since they have to perform wall-following around the obstacle from the middle of the strip, their paths will be the longest of all robots, and certainly much longer than the path of the leader robots near the strip boundaries. If the leader robots keep moving at the preset velocity v, it is possible that those interior robots will never again be able to reach their desired position inside the formation after the obstacle is past. This depends both on the value of v and the shape of the obstacle. Hence, in order to maintain group coherence when an obstacle is encountered, the leaders 1 and N have to adapt their velocity to the progress of the middle robots. The middle robots transmit their positions via the other robots to their respective leader 1 or N . The leaders stop advancing when the difference between their ycoordinate and the y-coordinate of the corresponding middle robot reaches a prespecified bound. The middle robots only slow down the group significantly during the first and last stage of their obstacle following, i.e. when moving away from or towards the strip boundary without significantly advancing parallel to it. As soon as there is enough free space ahead of the middle robots, the subgroup is again allowed to move parallel to the strip boundary with a speed close to v.
Second, the wall-following algorithm of the middle robots is slightly different from the other robots. When robot N/2 (resp. N/2 + 1) encounters the obstacle, it is programmed to follow the obstacle's edge until it meets its neighbor N/2+1 (resp. N/2). Only after meeting each other are they allowed to move to their desired position in the robot group. This ensures that all space around the obstacle is scanned for target objects. A simulation of the above described algorithm is presented in Figure 5 .
C. Modification of the basic algorithm
Consider the scenario sketched in Figure 6 . The robot formation splits into two subgroups, and the group on the left hand side moves through the gap between the obstacle and the left boundary of the scanning strip. Once past the gap the robots in this subgroup have to spread out, since the distance between the obstacle and the left boundary increases and we want to sense all free space between the boundary and the obstacle. The obstacle has such a shape that the robots have to spread out across almost the entire width of the scanning strip before meeting a robot member of the right subgroup. The basic algorithm is modified as follows. When robot N/2 (resp. N/2 + 1) crosses the middle of the strip towards larger (resp. smaller) x-values, it sends a signal to the other interior robots of its subgroup to adjust the angles of the preferred formation defined in (1). The robots move to positions with larger (resp. smaller) x-values. The desired position of each robot in the subgroup is changed resulting in a stretching out of the group, as far as necessary. A simulation of this modified version is presented in Figure 7 . The above modified algorithm justifies our choice of initial formation and width of the scanning strip. If we had naively chosen a value (N − 1)d as the width of a scanning strip, the initial preferred robot formation would be able to span this entire distance, namely by forming a line with the angles defined in (1) equal to α i = −β i = π/2. However, one subgroup, consisting of only half of the number of robots, would not be able to span this distance, resulting in either an error message from the algorithm or in unscanned areas, if a situation described in Figure 6 were encountered. Closely related to this observation is the choice to split the robot group precisely in the middle. Since the sensor range of each robot is limited and the robots operate in an unknown environment, the shape of each obstacle is unknown. It is not possible to discriminate between the situation of Figure 6 and its reflected version. Since the optimal distribution of robots remains unknown, we decide to always split the robot group into two equal parts. As explained above, the zigzag shape ensures that all free space around the obstacle is covered, despite the non-optimal splitting of the robot formation.
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The proposed algorithm can be easily compared to the complete coverage algorithm presented in [8] . The authors of [8] propose 2 leader robots with the same function as the leader robots in the present paper, but the robots situated in the interior of the formation are replaced with a small number of robots traveling back and forth between both leader robots in order to sweep all free space in between. The speed of the leader robots is bounded by the speed of the robot group traveling back and forth and the width of the strip. If the robot group moves at maximum speed, the speed of the leader robots is a fraction of it. Considering the situation with no obstacles and identical strip width for both algorithms, it is obvious that this procedure in [8] takes more time than the algorithm presented here. It can be concluded that this is the main advantage of the present algorithm over the algorithm in [8] . A more detailed comparison can be found in [11] .
D. Obstacles located on the strip boundary
Throughout the paper the obstacles are assumed to have a convex shape, in order to avoid robot groups getting stuck in a dead end. However, there is one case of dead ends we cannot avoid by the above assumption. A dead end can occur when an obstacle is located on the boundary between two strips, as presented on the left hand side of Figure 8 .
Since the robots have limited sensor information, they cannot conclude a priori whether an encountered obstacle stretches out into a neighboring strip or not. We are forced to let the algorithm run until a dead end is observed.
Before tackling the dead end problem, let us treat the case presented on the right hand side of Figure 8 , which does not lead to a dead end situation. When the leader robot encounters the obstacle, the algorithm assigns to this leader a wall-following procedure around the obstacle. The leader keeps the obstacle either on its right or left (depending on its position in the robot formation) while moving into the interior of the strip away from the strip boundary. As can be concluded from the picture, the y-coordinate of the leader increases while moving around the obstacle. We wish to keep the velocity component of the leader robot parallel to the strip boundary equal to v. Since the robot deviates from its straight path parallel to the strip boundary, this implies it has to speed up. When the leader reaches the strip boundary again, it switches back to the original task of moving parallel to the boundary. detected by the algorithm when two conditions are satisfied:
• one of the leader robots cannot move into the desired direction parallel to the strip boundary, because an obstacle is blocking the way.
• when the leader robot starts wall-following the obstacle as described above, the value of its y-coordinate decreases. As soon as a dead end is observed by the leader robot, it changes its behavior and stops the wall following algorithm. Instead, it projects its corresponding strip boundary (N/2 − 1)d/8 units outwards and resumes the original scanning algorithm with respect to the new boundary. If the extra width turns out to be insufficient to guide the robot subgroup around the obstacle outside of the original scanning strip, the boundary is projected a second (third,...) time. This way the subgroup which was stuck in the dead end is guided around the obstacle. When both subgroups reestablish contact, the leader robot returns to the original strip boundary. This behavior is faster and easier to implement than a turningback scenario, where the subgroup of robots which meets a dead end, retraces it steps to go around the obstacle inside the original scanning strip.
Remark: The above situation with a solid wall as strip boundary, forcing a turning-back maneuver, is precluded.
III. CONCLUSIONS
The present paper described an algorithm for multi-robot exploration in an unknown environment. The algorithm guarantees that all free space is covered by the robot sensors. The robots form a zigzag-shaped formation which scans the area in strips. In order to pass an obstacle, of which size and shape are not known a priori, the robot group splits in the middle. If necessary, the zigzag shape of each subgroup may stretch out in order to cover the free area between the obstacle and the strip boundary. The algorithm is also able to handle obstacles located on the strip boundary.
